Abstract: OBJECTIVES To test the hypothesis that a material with higher water absorption than polyvinylidene fluoride (PVDF) could increase the yield of target molecules from exposed dentine. METH-ODS In a series of standard tests, different cellulose membranes were compared to a PVDF counterpart for their ability to absorb water and release protein. In a subsequent randomized clinical trial, the cellulose material with the most favourable values was compared to PVDF regarding the levels of MMP-2 that could be collected from exposed dentine of healthy human teeth during filling replacement. MMP-2 levels were determined by enzyme-linked immunosorbent assay (ELISA). Data from the laboratory experiments were compared between materials using the appropriate parametric tests. The frequency of cases yielding quantifiable levels of MMP-2 was compared between materials by Fisher's exact test. The level of significance was set at 5%. RESULTS The cellulose membrane with the largest pore size (12-15m) absorbed significantly (P<0.05) more water than PVDF. It showed a protein release that was similar to that of PVDF, while the cellulose membranes with smaller pore size retained significantly more protein (P<0.05). Using the large-pore cellulose membrane, MMP-2 could be collected at a quantifiable level from the dentine of healthy teeth in 9 of 13 cases, compared to 1 of 13 with the PVDF membrane (P<0.05). CONCLUSIONS Under the current conditions, a large-pore cellulose membrane yielded more of a molecule of diagnostic value compared to a standard PVDF membrane. CLINICAL SIGNIFICANCE Molecular diagnostics of dentinal fluid are hampered by low yields. In the current study, it was shown that cellulose membranes are more useful to collect MMP-2 from dentinal fluid than PVDF membranes. 
Introduction
A recent systematic review identified sparse evidence regarding the accuracy of current pulp tests. 1 When a tooth contains an allegedly vital pulp before it is restored, the dentist has but few means to decide whether to perform a root canal treatment prior to restoration or not. This may explain why pulp necrosis is the most common biological complication in abutment teeth. 2, 3 A novel experimental approach to non-invasively identify the state of the pulp is molecular diagnostics. 4 It is based on the collection and analysis of dentinal fluid. 5, 6 However, the collection of dentinal fluid is not unproblematic. The fluid and protein flux across the pulpodentin complex is influenced by multiple factors. 5 In addition, a simple and clinically useful tool for dentinal fluid collection is currently not available.
In the first trial on the levels of matrix metalloproteinase-9 (MMP-9), an enzyme associated with pulpal breakdown, 7 a folded polyvinylidene fluoride (PVDF) filter membrane was applied to exposed dentin for dentinal fluid collection. This was based on the excellent protein release from PVDF. 8 However, the first clinical study using this approach showed that the target protein was below the detection limit in the majority of the samples, also those that should contain it. It was concluded that better vehicles for dentinal fluid collection must be identified to increase the yield of target molecules before further studies can be performed along this line.
It was the aim of the current investigation to test the hypothesis that a material with higher water absorption than PVDF could increase the yield of target molecules from exposed dentin. In standard laboratory tests, cellulose filter membranes of similar thickness and different pore size were compared to the PVDF membrane used in the first clinical trial 4 regarding their water absorption and protein release. Subsequently, the cellulose membrane with the most favorable values was compared to the PVDF counterpart in a randomized clinical trial. The outcome measure was the yield of a metalloproteinase from exposed dentin of clinically healthy teeth in need of restoration replacement. The hypothesis tested here was that cellulose membranes absorb more water than PVDF counterparts, and thus could increase the yield of diagnostically relevant molecules. 
Materials and methods

Filter membranes under investigation
Water absorption
For this test, the method according to Klemm was used (DIN 53 106). In brief, the filter membranes were cut to a width of 1.5 cm and a length of 10 cm. One end of these strips was attached to a custom-made holder. For measurements, the holder was placed over a glass container filled with deionized water, so that the membrane strips were immersed 2 mm below the water surface. The height of the water rise was marked with a sharp pencil on the membranes after 30 sec, 60 sec, and 120 sec of immersion. This test was performed three times per material.
Protein release
For this test and the subsequent trial, round filter membranes with a diameter of 8 mm were used. Using a micro precision pipette (Gilson, Middleton, UK), 5 µL of a 2 mg/mL bovine serum albumin (BSA) solution (Pierce, Rockford, USA) was blotted on the membranes. Subsequently, membranes were transferred to microcentrifuge tubes (Eppendorf, Hamburg, Germany) containing 1 mL of sterile distilled water. The tubes were vortexed for 5 sec. Subsequently, each membrane was transferred to a new microcentrifuge tube and again washed in 1 mL of distilled water as described.
The procedure was repeated once more for a total of three washing steps. Protein recovery was measured using a commercially available protein assay (BCA Protein Assay Kit, Pierce) against a BSA standard curve. The absorbance at 562 nm was measured using a microplate reader (Epoch, BioTek, Luzern, Switzerland).
Measurements were corrected for blank reading (mere membrane without protein processed as described).
Clinical trial
This trial was approved by the institutional review board. The patients participating did so by giving informed written consent.
Sartorius 1288 filter membranes were compared to Millipore PVDF counterparts for their capacity to collect a metalloproteinase from exposed dentin of clinically healthy teeth in need of filling replacement. MMP-2 was chosen as the target molecule, because this enzyme is involved in normal tissue turnover and thus present in healthy pulp tissue. 7 The membranes were folded to form a cone as described. 4 They were kept in micro centrifuge tubes with low protein binding (Life Technologies, Carlsbad, CA, USA). The membranes and tubes were sterilized in ethylene oxide (3M Sterigas, Two Harbors, MN, USA).
Thirteen lateral teeth from 8 patients (6 males and 2 females, aged 29 to 56) were selected for this study. These teeth reacted normal to cold test, and showed no signs of caries or inflammation. They required replacement of a filling for prosthetic or esthetic reasons. Teeth were treated under local anesthesia and rubber dam isolation. The occlusal aspect of the filling reaching into the dentin was removed first, i.e. the inter-proximal aspects of the fillings were left in place, to exclude contamination with crevicular fluid. A figure depicting this procedure can be found in an earlier publication. 4 Diamond-coated burs were used in a high-speed hand piece under water-cooling to remove the old filling. When the dentin was exposed, a coin was flipped to determine which material to use first. The cavity was dried with compressed air. Thereafter, the first folded membrane was applied to the exposed dentin using sterile cotton pliers. The membrane was kept in place for 30 sec.
Subsequently, and without any intermediate procedure, the second membrane of the alternative material (as defined by the randomization process) was applied for 30 sec.
Membranes were immediately transferred to their microcentrifuge tubes, which were kept on ice. These tubes were then transferred to a freezer and kept at -20°C until further analysis.
On the day of analysis, the samples were eluted in 330 µL of sterile phosphate buffered saline (PBS, pH 7.2) by centrifuging at 2000xg for 30 min at 4˚C. The levels of MMP-2 in these samples were measured by a commercially available specific enzyme-linked immunosorbent assay (ELISA) kit, according to the manufacturer's instructions (Duoset, R&D Systems, Abingdon, UK). The absorbance at 450 nm was assessed using a microplate reader (Epoch), with a wavelength correction set at 570 nm to subtract background. A standard curve was generated using a four-parameter logistic curve fit for each set of samples assayed. The concentrations of MMP-2 were expressed as ng/mL/30 sec of collection. The sensitivity of this assay, defined as the lowest detectable protein concentration that could be differentiated from zero, was 1.25 ng/mL.
Statistics
Values relating to water absorption were analyzed using two-way repeated measures ANOVA to consider the impact of time and membrane type on water rise. Water rise at each time point and protein release were compared between materials using oneway ANOVA followed by Tukey's HSD test. The frequency of detection of MMP-2 in the clinical trial between materials was compared using Fisher's exact test. MMP-2 data from the clinical trial was skewed (Shapiro-Wilk test) and thus compared between groups using Wilcoxon Signed Rank test. The alpha-type error was set at 5% (P < 0.05).
Results
In the analysis of the values generated in the water absorption test according to Klemm, two-way ANOVA showed that both time and membrane material had a significant (P < 0.05) impact on water rise. Cellulose membranes took up water faster and in larger quantity than the PVDF material under investigation ( Table 1) . The cellulose materials with the larger pore size showed higher water absorption than the filter membrane with the small pore size.
Protein release was statistically similar (P > 0.05) between the cellulose materials with the large pore size (Sartorius 1288 and 1289) and the PVDF membrane. After 3 wash steps, 1288 released 93 ± 9% of the BSA, 1289 released 96 ± 3%, and the PVDF membrane 101 ± 4%. The cellulose material with the small pore size (1290) released significantly (P < 0.05) less protein, 81 ± 4%.
In the clinical trial, the cellulose material that performed most favorably in the laboratory screening (1288) was compared to the PVDF filter membrane regarding the detection of MMP-2 from exposed dentin of clinically healthy teeth with vital pulps.
Round membranes of 8 mm diameter were folded to form tapered cones. The tip of the cone was pressed against the exposed dentin using cotton pliers. The materials were applied to the exposed dentin in random sequence during the trial, 1 membrane per material and tooth. With cellulose, MMP-2 could be detected in 9 of 13 cases, compared to 1 of 13 with PVDF (P < 0.05). Consequently, the levels of MMP-2 were significantly higher (P < 0.05) when a cellulose membrane was used to collect dentinal fluid (Fig. 1) . MMP-levels were statistically similar (P > 0.05) between first and second collections, indicating no influence of whether a membrane material was used first or second on a specific tooth (Fig. 2) .
Discussion
The current study showed that cellulose of large pore size showed clear advantages over PVDF in dentinal fluid collection. This was attributed to the better water absorption of cellulose compared to PVDF.
The clinical part of this study was limited by the fact that only clinically healthy teeth were included. This was done to assess the possibility to consistently collect steadystate molecules present in pulpal interstitial fluid. While the cellulose membrane under investigation performed clearly better than the PVDF membrane that was used in a first trial, 4 the target molecule was still not detected in 30% of the cases. This could be related to differences in dentin microstructure between the teeth under investigation. 9 It may be so that dentinal fluid collection is simply not possible in all teeth, especially those with complete sclerosis of dentin. 10 However, the repeated collection with the 2 different materials yielded similar amounts of the target molecule (Fig. 2) . This would suggest that in future trials, at least 2 sampling procedures should be performed per tooth in order to increase fluid yield. Alternatively, the membrane used for collection could also be left in place for longer periods of time. As suggested by the in vitro part of the current communication, exposing a filter membrane to water for 1 min instead of 30 sec may lead to better water uptake. A further limitation of this study was the low number of teeth under investigation.
However, we merely compared 2 methods of dentinal fluid collection in healthy teeth.
Based on the in vitro results, a difference between the 2 methods of more than 50% in absolute MMP-2 levels was expected. As indicated by the highly significant difference between the 2 methods, this assumption was correct, and the number of samples was adequate.
Absorbency of the vehicles used for dentinal fluid collection may play a role because the natural flow of fluid through dentin is rather low. 5 It may be so that the cellulose membrane actively soaked more fluid from the dentin wound than the PVDF membrane did. Dentinal fluid flow is related to pulpal pressure. 11 This pressure might vary based on the inflammatory state of the underlying pulp. 12 However, even necrotic teeth contain dentinal fluid. 13 Using the cellulose membrane technique described here, we were able to collect MMPs from teeth with necrotic teeth also (data not shown). Consequently, absorption of fluid through dentin by cellulose may be necessary to get maximum yields regardless of the condition of the pulp. This, however, needs to be investigated in future trials.
In the current study, a simple ELISA assay was used. In the first trial on MMP-9 levels in the dentinal fluid of healthy and inflamed pulps, a more sensitive, yet also more complex assay was employed, which detects the target molecule indirectly via substrate turnover. 4 That assay detected MMP-9, a molecule related to pulpal tissue breakdown, in the dentinal fluid of 7 out of 16 teeth diagnosed with irreversible pulpitis, compared to 0 of the 12 healthy control teeth. That first study should now be repeated to investigate whether the use of a cellulose material for dentinal fluid collection would allow for sample analysis with straightforward ELISA kits, or whether more sensitive assays are still required. However, even though the kit used here is easy to use, the current approach to analyze dentinal fluid would still be far away from chair-side practicability in a dental office setting.
As the field of molecular diagnostics of the pulp is relatively new, basic studies such as the current investigation are necessary to identify ideal and simple tools for the collection of dentinal fluid. Dentinal fluid could, for a long time, only be collected from extracted teeth, e.g. by heating the dentin or by centrifugation. 14, 15 In the original study on dentinal fluid analysis of vital human teeth, phosphate-buffered saline was placed in the cavity over the exposed dentin for 15 min and then collected using micropipettes. 6 Similar approaches were also used to study dentinal fluid flux in dog teeth. 5, 11 These collection methods, however, are impracticable in the clinical situation. The current research aimed towards the development a chair-side assay that could reflect the health of pulp before a tooth is restored. Whether this goal can ever be achieved is not yet clear. Nevertheless, current knowledge on pulp biology and sensitive molecular assays could prove to be useful in this context. It is beyond doubt that pulpal breakdown is triggered by bacterial invasion of dentin, 16 yet propagated by enzymes secreted by polymorphonuclear leukocytes (PMNs). 17 The idea to use PMN-associated enzymes as markers for pulpal health was formulated, yet not tested, more than 20 years ago. 5 In this context, the MMP system of enzymes is interesting. Some of these enzymes are produced by resident cells. 18 They are related to normal tissue turnover, and are thus not elevated or even less active in inflamed pulps compared to normal counterparts. 7 On the other hand, PMN-related enzymes such as MMP-9 (also called neutrophil gelatinase), are strongly correlated to pulpal inflammation and breakdown. 7 It may thus be suggested to use the ratio between MMP-9 and MMP-2 in future clinical trials to relate dentinal fluid composition to the state of the pulp. It must be cautioned, however, that MMPs are also contained in the dentin itself, and can be released by caries-related acids. 19, 20 Furthermore, proteins of varying size and structure might be retained differently during their passage through the pulp-dentin complex. 5 It may thus be wise to investigate the levels of different proteins and their relation to different conditions of the pulp to identify the most robust markers. In summary, much work lays ahead to further develop dentinal fluid-based diagnostics.
Conclusion
The identification and development of better vehicles for dentinal fluid analysis is essential for the propagation of non-invasive molecular diagnostics of the dental pulp.
This research can be seen as a first step into that direction. Future clinical trials should now reveal whether a cellulose membrane is a suitable collection tool to consistently identify marker molecules related to pulpal health and disease.
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